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he anterior–posterior identities of cells in the hindbrain and cranial neural crest are thought to be determined by their Hox
ene expression status, but how and when cells become committed to these identities remain unclear. Here we address this
n zebrafish by cell transplantation, to test plasticity in hox expression in single cells. We transplanted cells alone, or in
small groups, between hindbrain rhombomeres or between the neural crest primordia of pharyngeal arches. We found that
transplanted cells regulated hox expression according to their new environments. The degree of plasticity, however,
depended on both the timing and the size of the transplant. At later stages transplanted cells were more likely to be
irreversibly committed and maintain their hox expression, demonstrating a progressive loss of responsiveness to the
environmental signals that specify segmental identities. Individual transplanted cells also showed greater plasticity than
those lying within the center of larger groups, suggesting that a community effect normally maintains hox expression
within segments. We also raised experimental embryos to larval stages to analyze transplanted cells after differentiation and
found that neural crest cells contributed to pharyngeal cartilages appropriate to the anterior–posterior level of the new
cellular environment. Thus, consistent with models implicating hox expression in control of segmental identity, plasticity
in hox expression correlates with plasticity in final cell fate. © 2001 Academic Press
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Genetic studies in vertebrates have established the roles
of Hox genes, the equivalents of the homeotic genes of
Drosophila, in specifying regional diversity in cells along
the anterior–posterior (AP) axis. Hox genes determine the
dentities of vertebrae in the spinal column, while others
xpressed in the head (Hox 1–3 paralogues) pattern cells in
he neural ectoderm, both in the hindbrain and in the
eural crest (reviews: McGinnis and Krumlauf, 1992;
rumlauf, 1994). Overexpression or loss of function of these
enes in mice can cause homeotic transformations of hind-
rain rhombomeres and neural crest-derived skeletal struc-
ures (Chisaka and Cappechi, 1991; Chisaka et al., 1992;
ark et al., 1993; Gendron-Maguire et al., 1993; Rijli et al.,
1 To whom correspondence should be addressed at current ad-
dress: Developmental and Cell Biology, University of California ateIrvine, Irvine, CA 92697-2300. E-mail: t.schilli@uci.edu.
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All rights of reproduction in any form reserved.1993; Lufkin et al., 1992; Zhang et al., 1994; Alexandre et
al., 1996; Bell et al., 1999). Thus Hox gene expression must
be precisely regulated, both temporally and spatially, to
ensure normal cranial development. Little is known, how-
ever, about the events that establish Hox expression do-
mains, and studies that have addressed the ability of cells to
change their Hox expression in response to environmental
ues have yielded conflicting results.
Cells may lose plasticity progressively, as their segmental
dentities become established. In the chick, premigratory
eural crest cells have already lost plasticity, since they
orm ectopic first arch (mandibular) skeletal structures
hen forced to migrate into the second (hyoid) arch (Noden,
983). Similar first arch duplications are also seen in mice
utant for Hoxa-2, which is normally expressed in second
ut not first arch neural crest, suggesting that the important
ntrinsic property of neural crest cells revealed by the avian
rafts is their pattern of Hox expression (Gendron-Maguire
t al., 1993; Rijli et al., 1993). Boundaries of Hox expression
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202 Schilling, Prince, and Inghamcoincide between the hindbrain and the migrating neural
crest, a fact which led Hunt et al. (1991) to propose that
neural crest inherits a positional “Hox code” based on its
hombomeric origins, similar to that proposed to specify
ertebrae in the trunk. This Hox code may be involved in
etting up or maintaining the signals that restrict cell
ixing between segments, since rhombomeres and pharyn-
eal arches are lineage-restricted compartments (Fraser et
l., 1990; Schilling and Kimmel, 1994; Kontges and Lums-
en, 1996). Furthermore, rhombomeres develop with a
omplex, two-segment, periodicity such that alternating
hombomeres display similar patterns of gene expression
nd cell adhesion and these correlate with the patterns of
ranchiomotor nerves and sensory ganglia (review: Lums-
en and Krumlauf, 1996). Such strict compartmentalization
nd registration may reflect irreversible commitments of
ells to their fates caused by the products of Hox genes.
Testing commitment requires challenging cells with a
foreign environment. This can reveal the potentials of cells
to respond to external signals; restrictions in cell potential
are thought to reflect the process of cell determination
(Stent, 1985; Ho and Kimmel, 1993). Reciprocal grafts in the
chick, between presumptive anterior and posterior rhom-
bomeres, have shown that Hox expression is often main-
tained cell autonomously (Guthrie et al., 1992; Kuratani
and Eichele, 1993; Simon et al., 1995; Couly et al., 1998).
or example, grafts within the hindbrain of rhombomere 4
r4) to the r2 position maintain expression of Hoxb-1.
urthermore, Hoxa-2 downregulation in r2-derived neural
crest occurs even when r2 is grafted in place of r4 (Prince
and Lumsden, 1994). Neural crest primordium grafts like
this also maintain their intrinsic capacity to differentiate
into specific arch structures, as exemplified by the grafts of
first arch neural crest into the second (Noden, 1983).
There is also experimental evidence, however, for plas-
ticity in Hox expression and segmental patterning. Even in
the classic grafting experiments in chicks that formed
ectopic beaks, mandibular duplication was not complete.
Furthermore, neural crest regenerates following ablation
and many of the replacement cells derive from adjacent
axial levels that must change their AP identities (Sechrist et
al., 1995). Direct evidence for regulation of Hox expression
has come from large neural tube reversals along the AP axis
in the chick (Hunt et al., 1995) and from some rhombomere
rafts (Grapin-Botton et al., 1996; Itasaki et al., 1996).
Regulation of Hox expression in these grafts occurs pre-
dominantly when cells are transposed from anterior to
posterior, indicating the possible existence of posteriorizing
factors that maintain Hox expression, possibly emanating
from paraxial mesoderm (Itasaki et al., 1996). Signals im-
licated in modulating Hox expression include retinoic acid
RA), which directly regulates transcription of some Hox
enes (Conlon and Rossant, 1992; reviewed in Conlon,
995). Grafting studies in chick have been constrained by
he inability to transplant small numbers of cells, with few
xceptions (Guthrie et al., 1993), or to transplant neural
rest without adjacent hindbrain tissue. Large grafts may
Copyright © 2001 by Academic Press. All rightarry along factors that regulate Hox expression. Recent
vidence for plasticity in Hox expression has also come
rom transpositions of small numbers of neural crest cells
n mouse embryos (Trainor and Krumlauf, 2000). These
tudies implicate the cranial mesoderm in regulation of
xpression of Hox genes in neural crest.
Here we take advantage of the accessibility and ease of
anipulation of single cells in zebrafish embryos to address
he issue of plasticity in the AP identities of cells in the
eveloping hindbrain and neural crest primordium. We
ransplanted single cells or small cell groups and analyzed
heir hoxa2 or hoxb3 expression status, to reveal how these
xpression patterns are established and maintained locally.
e show that while expression initially remains plastic,
uring segmentation stages, this is followed by a progres-
ive loss of plasticity. Our results go beyond previous
tudies to show plasticity in the final neural and skeletal
ates of neural crest cells and a progressive stabilization in
ox expression. The number of transplanted cells also
ppears crucial to this regulative response, suggesting the
mportance of cell community effects on hox expression
uring head segmentation.
MATERIALS AND METHODS
Embryos
Zebrafish (Danio rerio) embryos were obtained from natural
spawnings in the facilities at the Imperial Cancer Research Fund
and at University College in London, raised at 28.5°C, and staged
according to Kimmel et al. (1995). Here we refer to stages in hours
postfertilization (h). In experiments requiring older stages, golden
gol) mutant embryos or embryos treated with PTU (0.003%
henylthiourea in 10% Hanks’ saline) were used for their reduced
igmentation.
Cell Transplantation
To transplant cells at early stages of somitogenesis, donors were
first pressure-injected just after fertilization with a fixable lineage
tracer, biotinylated dextran (10,000 mw; Molecular Probes), and
raised with their unlabeled siblings until 12–14 h (Westerfield,
1993). Embryos were then dechorionated, mounted in 3% methyl
cellulose, and immersed in embryo medium in a depression slide
for manipulation. Labeled donors and unlabeled hosts were
mounted together adjacent to one another and visualized with a
Zeiss Axioskop and a 103 objective. Using a suction micropipette
that was fire polished and sharpened, single cells or small groups
were removed from the neuroepithelium or neural crest primor-
dium of labeled donors and implanted into unlabeled hosts and the
positions of both were recorded (Schilling and Kimmel, 1994).
Cranial neural crest cells have segregated from the neuroepithe-
lium by 12–14 h and can be distinguished morphologically from the
hindbrain as a lateral mass of cells beginning to form amoeboid
shapes with filopodial extensions. Operated embryos were re-
moved from the methyl cellulose and raised to 24–28 h and fixed in
4% paraformaldehyde (PFA) for processing.
s of reproduction in any form reserved.
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203Plasticity in hox Expression in ZebrafishIn Situ Hybridization and Sectioning
To detect mRNA expression we used in situ hybridization as
described previously (Thisse et al., 1993). Briefly, cDNAs (hoxa2—
1000 bp, hoxb3—600 bp) were used as templates to synthesize
digoxigenin-labeled antisense riboprobes specific for the 39 ends of
zebrafish hoxa2 and hoxb3 (Prince et al., 1998). Embryos were fixed
n 4% PFA overnight and treated with proteinase K for
30 s/somite to permeabilize them before hybridization. After the
nal colorization reaction in alkaline phosphatase substrates, most
mbryos were whole mounted by removing the yolk and flattened
nder a bridged coverslip for photography.
For sectioning, the colorization reaction was allowed to continue
ntil embryos were dark blue. Stained embryos were then postfixed
n 4% PFA, dehydrated in a graded series of ethanol, transferred
nto acetone and then into Epon/Araldite resin, and polymerized
vernight at 60°C. Sections 5–6 mm thick were cut with a glass
nife, dried onto glass slides, and coverslipped in resin.
Colocalizing Gene Expression and Lineage Tracer
Following in situ hybridization, embryos were postfixed in 4%
PFA for 2 h at room temperature. To detect biotinylated dextran we
used a Vectastain ABC kit (Vector Laboratories). We diluted the
peroxidase-conjugated avidin to 1:200 or 1:300 and diluted the DAB
substrate for the peroxidase to a final concentration of 0.01%, to
reduce staining intensity for colocalization (Figs. 3, 5, and 6).
Alternatively, for better colocalization within cells we used tyra-
mide (Renaissance TSA kit; Dupont Biotechnology Systems; Figs.
4, 5, and 7), a fluorescent peroxidase substrate (see Moens and Fritz,
1999). Embryos were then either cleared and flat-mounted, dorsal
up in 80% glycerol, or dehydrated in an alcohol series, cleared in
methyl salicylate, and whole mounted in Permount.
RESULTS
We examined plasticity in the expression of two genes,
hoxa2 and hoxb3, that mark two overlapping populations of
hombomeres and neural crest cells (Prince et al., 1998;
igs. 1 and 2). Cells that express these genes differ in their
P position as well as in their neural and skeletal deriva-
ives. We compared expression during segmentation, 10–24
, by in situ hybridization and comparison with krox20,
hich marks r3 and r5 (Oxtoby and Jowett, 1993; Figs.
A–1D and 2). In zebrafish, initiation of hox expression
recedes the visible formation of rhombomeres or neural
rest migration, both of which occur after 14 h (Kimmel et
l., 1995). Initially both genes are expressed in single stripes
n the neuroepithelium (10–12 h), hoxa2 in presumptive r2
nd r3 and hoxb3 in presumptive r5 and r6. At this stage
ach domain forms a rough border with neighboring stripes
Figs. 2A and 2F). hoxb3 is also expressed at much lower
evels throughout the more posterior neural plate. By 14 h
he anterior boundaries of hox expression become sharp,
nd hoxa2 expression expands posteriorly into r4 and r5
Figs. 2B and 2G). By 17 h hoxb3 also expands weakly into
r4 and r7 (Figs. 2C and 2H). Also by this stage, expression of
both genes can be detected in neural crest cells. hoxa2-
expressing cells include r2–5 and neural crest of the second
Copyright © 2001 by Academic Press. All right(hyoid, pa2) arch while hoxb3 is expressed in r4–7 and in
neural crest of the third (first branchial, pa3) arch. Together
they define four domains: (1) the midbrain and r1, which
express neither gene, (2) r2 and r3, which express hoxa2, (3)
r4 and r5, which express both hox genes, and (4) r6, which
expresses only hoxb3, arriving at these patterns through a
series of dynamic changes.
We also examined the dynamic expression patterns of
hoxa2 and hoxb3 in their dorsal-ventral (DV) extent within
he neural tube and neural crest (Figs. 2D, 2E, 2I, and 2J). It
as important for our transplantation experiments to know
f all cells at a given axial level between r2 and r6 express
hese two hox genes during early somitogenesis, when cells
were transplanted. Therefore we cut serial, transverse sec-
tions through embryos stained by whole-mount in situ
hybridization for hox expression at successive stages (12,
14, 17, and 20 h). At early stages cells at all DV levels within
the neural ectoderm expressed similar levels of hox mRNA,
and this pattern remains stable during somitogenesis. Thus
we are confident that in our transplants we are taking
hox-expressing cells from the appropriate locations. Later,
expression becomes more restricted. By 17 h, expression of
both hox genes is lost from the ventral, floor-plate region.
Expression of hoxa2 is also lost from the dorsal (alar) region
of the neural tube at the r4 level only, while remaining
more broadly expressed elsewhere (Figs. 2D and 2E). The
dorsal expression of hoxb3 becomes elevated by 20 h (Fig.
2J). Similar dynamic changes in the DV pattern of hox
expression have been described in mouse embryos and may
control distinct neuronal fates at stereotypic locations
within the hindbrain (Davenne et al., 1999).
Single Cells Transplanted along the AP Axis Alter
Their hoxb3 Expression
Expression of hox genes may be intrinsic to individual
neuroepithelial cells, or alternatively cells may continue to
receive signals that regulate their hox transcription. To
nvestigate control of hoxb3 expression in the hindbrain we
transplanted single cells within the neural tube or neural
crest (Fig. 3). Neural crest cells form a distinct lateral mass
after 12 h that is easily distinguished from the more medial
neuroepithelium. Since we previously fate mapped segment
precursors on the cranial neural crest primordium (Schilling
and Kimmel, 1994), we could locate transplants precisely
(Fig. 3A).
Figures 3B–3D show examples of embryos in which cells
labeled with biotinylated dextran were transplanted from
the future r6 level of a donor embryo to the r1–3 level in an
unlabeled host. We first examined the expression of hoxb3
12 h after the manipulation by in situ hybridization (Fig.
3B); the transplanted cells were subsequently identified by
detection of the lineage tracer dye with peroxidase staining
(Figs. 3C and 3D). (Note that fluorescent substrates for
peroxidase to detect the biotinylated tracer allowed better
colocalization on a cell-by-cell basis in some cases, e.g.,
Figs. 4, 5, and 7). Cells were transplanted at 12 h, soon after
s of reproduction in any form reserved.
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position according to the fate map for this stage. We found
that transplanted cells incorporated readily in the hindbrain
FIG. 1. Developmental relationships between hindbrain rhombom
arval zebrafish. Left shows lateral views of the head with anterior t
tages. (F) The pattern of cartilages in each pharyngeal arch. (A, B
xpression (green). Rhombomeres and pharyngeal arches are numb
ally from neural tube at 12 h (B) but hox gene expression appears c
a, pharyngeal arches (1–7).or into the neural crest primordium such that they contrib- g
Copyright © 2001 by Academic Press. All rightted to the migrating neural crest mesenchyme; in both
ocations the cells divided and mixed with host cells.
When we transplanted single neural tube cells, or small
s, cranial neural crest, and hox gene expression in embryonic and
left. Right shows dorsal (B, D) or ventral (F) views at corresponding
stage, (C, D) 24-h stage, (E, F) 72-h stage, hoxa2 (red) and hoxb3
Premigratory neural crest cells can be distinguished morphologi-
nuous until migration begins. Abbreviations: r, rhombomere (1–7),ere
o the
) 12-h
ered.
ontiroups of cells, anteriorly at the 12-h stage, they had
s of reproduction in any form reserved.
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205Plasticity in hox Expression in Zebrafishgenerally downregulated hoxb3 expression when assayed at
the 24-h stage (76%, Table 1, Fig. 4). Thus within the neural
tube cells remain plastic with respect to hoxb3 expression.
igures 4A and 4B show an example in which a cell
ransplanted from the hoxb3-positive r6 level to the hoxb3-
egative r3 level has downregulated expression. This was
lso true for cells transplanted even farther anteriorly into
he midbrain (Figs. 4C and 4D). Control experiments con-
rmed that hoxb3 downregulation was not simply due to
he manipulation since r6 cells transplanted to the r6
osition (or r2 to r2) develop normally, remaining hoxb31 or
oxb32 depending on their original positions (data not
hown). However, in a few cases expression was maintained
ollowing the transplant (24%, Table 1; e.g., Fig. 4E).
Similar to the neuroepithelial cells of the hindbrain, we
ound that neural crest primordia cells also remain plastic
FIG. 2. Dynamic changes in hox expression in the embryonic
ransverse sections for (A–E) hoxa2 and (F–J) hoxb3. A, B, and F–H s
ounts are shown in dorsal view with anterior to the top. (A) At 1
s marked by arrow at presumptive r1/r2 boundary). (B) At 14 h (1
evel expression is apparent in r4 and r5. (C) At 17 h (16 somites) e
he second pharyngeal arch (pa2). (D) Transverse section through th
alf of the keel; this sample is counterstained with eosin. (E) Tra
xpression in the floor plate (fp). (F) At 12 h hoxb3 is expressed in r
G) At 14 h hoxb3 expression in r5 and r6 has upregulated and the a
n the neural crest migrating out into the third pharyngeal arch. (I,
xpression levels in the floor plate.ith respect to hoxb3 expression (Fig. 5). In these experi- A
Copyright © 2001 by Academic Press. All rightents, we transplanted neural crest cells at 12 h, from the
evel of r6 (cells which normally migrate into arches 3–7),
nteriorly to the r1–3 level, in some cases forcing them to
igrate into the first arch. Like their counterparts in the
rain, we found that neural crest cells generally downregu-
ated hoxb3 (88%; Table 1). Figures 5A and 5B show an
xample in which a transplanted cell has contributed to
2/3-derived first arch neural crest and downregulated
oxb3 expression. Figures 5C and 5D show a similar result
hen the transplanted cells were placed at more anterior,
idbrain levels and contributed to the first arch crest
opulation. Figure 5E shows similar plasticity in hoxb3
xpression in a small group of transplanted neural crest
ells transposed anteriorly to the r3 level and carried into
he first (mandibular, pa1) arch (Table 1).
To determine if the direction of transposition along the
brain and neural crest. Whole-mount in situ hybridizations and
double in situs with krox20 (red) as a marker of r3 and r5; all whole
somites) hoxa2 is expressed in r2 and r3 with diffuse limits (e.g.,
ites) the anterior expression limit has sharpened (arrow) and low
ssion is also apparent in the neural crest stream, migrating out to
evel at 17 h reveals that hoxa2 expression is limited to the ventral
se section through the r5 level at the 20 h shows reduced hoxa2
r6 and more posteriorly; the anterior limit is diffuse at this stage.
or limit is beginning to sharpen. (H) At 17 h expression is apparent
nsverse sections through the r5 level at 17 and 20 h show reducedhind
how
2 h (5
0 som
xpre
e r4 l
nsver
5 and
nteri
J) TraP axis of the neural plate influenced the response, we
s of reproduction in any form reserved.
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Copyright © 2001 by Academic Press. All righttransplanted cells in the opposite direction, posteriorly
from r1–3 to r6. Such posteriorward grafts had been shown
to have less cell autonomy when transposed en masse in the
chick, possibly due to posteriorizing signals (Grapin-Botton,
1995; Itasaki et al., 1996). Consistent with this, 91% of cells
transplanted posteriorly in the hindbrain were indistin-
guishable from their hoxb3-expressing neighbors in the
branchial arches (Table 1). In several particularly informa-
tive cases, transplants that straddled the boundary between
hoxb31 and hoxb32 domains were generated and cells
ere found to behave according to their positions (Fig. 5F).
his suggests that regulation of expression cannot be sim-
ly due a cell’s origin or its manipulation, but rather that
he final environment is influencing the gene expression
tatus of the cells.
Heterotopic Transplantation Also Alters hoxa2
Expression
In a parallel series of transplants, we tested commitment
of cells to express hoxa2 (Fig. 6; Table 1). This addressed the
(green) or anteriorly (green cell). (B) 20 h, left side view. In situ
hybridization to detect hoxb3 mRNA (blue) in rhombomeres (r5,
r6) and neural crest (nc). (C, D) Dorsal views of embryos labeled
first by in situ hybridization for hoxb3 and subsequently by
eroxidase detection of the biotinylated lineage tracer in trans-
lanted cells (brown). (C) Single cell transplanted anteriorly in the
eural crest (arrow). (D) A single cell transplanted anteriorly in the
indbrain (arrow). Abbreviations: ot, otic capsule; r, rhombomere;
ABLE 1
ox Expression in Transplanted Hindbrain and Neural Crest
ells
Transplanta Donor Host hoxa21 (%) hoxb31 (%)
indbrain r5/6 r2/3 22/27 (81%) 8/33 (24%)
r5/6 Mb — 2/14 (14%)
r5/6 r5/6 0/19 (0%) 12/12 (100%)
r2/3 r5/6 4/13 (31%) 10/11 (91%)
r2/3 Mb 3/15 (20%) —
r2/3 r2/3 8/8 (100%) 0/15 (0%)
eural crest
primordium
r5/6 r2/3 12/33 (36%) 5/42 (12%)
r5/6 Mb — 2/6 (33%)
r5/6 r5/6 0/22 (0%) 24/24 (100%)
r2/3 r5/6 15/18 (83%) 14/15 (93%)
r2/3 Mb 3/10 (30%) —
r2/3 r2/3 16/16 (100%) 0/10 (0%)
a Transplants were performed at the five-somite stage and in-
luded both single cells and small cell groups. Embryos were fixed
pproximately 10 h later and analyzed for hox expression in
ransplanted cells using in situ hybridization.FIG. 3. Single-cell transplantation to test plasticity in hox expres-
ion. (A) Diagram of a dorsal view of the neural tube illustrating the
ransplantation technique. Rhombomere levels (r1–7) are indicated
s bulges, though transplants were performed prior to the forma-
ion of visible rhombomere boundaries. Cells were removed from
onors labeled at the one-cell stage with biotinylated dextran
brown) and transposed either posteriorly (red cell), out of the hoxa2
c, neural crest.
s of reproduction in any form reserved.
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207Plasticity in hox Expression in Zebrafishpossibility that different Hox genes may respond differently
o cellular transposition, particularly genes such as hoxa2
hat do not regulate following rhombomere grafts in the
hick (Prince and Lumsden, 1994) and are required for
haryngeal arch development in the mouse (Rijli et al.,
993; Gendron-McGuire, 1993). As with hoxb3, we first
xamined the expression of hoxa2 12 h after the manipula-
ion by in situ hybridization; the transplanted cells were
ubsequently identified by detection of the lineage tracer
ye with peroxidase staining (Fig. 6). As with hoxb3, we
onsistently saw regulation of hoxa2 in cells transplanted
ingly or in groups within the hindbrain and in neural crest.
oxa2 mRNA was upregulated in cells transposed posteri-
rly from the r2/r3 to the r4/r5 level and forced to migrate
nto the second arch (Table 1, 69%; Figs. 6A and 6B, pa1) or
lightly more posteriorly and migrating into the second and
FIG. 4. Colocalization of hoxb3 expression and the lineage tracer
f embryonic hindbrains at 20 h, labeled by in situ hybridizatio
Corresponding locations of transplanted cells visualized with a fluo
which a single cell transposed anteriorly to the r2 level maintainehird arches (Fig. 6C, pa2 and pa3). Similarly, cells down-
Copyright © 2001 by Academic Press. All rightegulated hoxa2 when transposed anteriorly from r6 to the
2/r3 level and migrating in the first arch (Table 1, 81%; Fig.
D, pa1). Thus plasticity appears to extend to more than
ne hox gene and even applies to hox genes that do not
regulate following grafts of larger territories (at least in
avians; Prince and Lumsden, 1994).
Effects of Transplant Size on Maintenance of hox
Expression
Since in avian embryos hindbrain transplants using larger
numbers of cells have often revealed no plasticity in hox
expression, we tested whether the number of transplanted
cells in zebrafish influences hoxb3 or hoxa2 regulation (Fig.
7; Table 2). Larger transplants worked effectively for neural
crest primordium cells (for technical reasons we were
fluorescence in cells within the neural tube. (A, C) Dorsal views
r hoxb3 (arrows indicate positions of transplanted cells). (B, D)
ent peroxidase substrate. (E) Lateral view of an exceptional case in
b3 expression (arrow). Rhombomeres are numbered (r1–6).with
n fo
rescunable to achieve large transplants for cells within the
s of reproduction in any form reserved.
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208 Schilling, Prince, and Inghamhindbrain). Avian grafting studies have assayed the plastic-
ity of whole rhombomeres and their associated neural crest,
with grafts that contain hundreds or even thousands of
cells. We compared hox gene expression in transplants of
mall groups of neural crest cells (1–10) versus large groups
f cells (up to 30). Small neural crest transplants, like single
ells, invariably showed plasticity of hox gene expression
Figs. 7C and 7D). This was not the case, however, when
arger groups of cells were transposed anteriorly (Figs. 7A,
B, 7E, and 7F) with some exceptions (Figs. 7G and 7H). For
xample, we found that cells in the center of an undispersed
raft retained hoxb3 while those at the extremities of the
ame graft did not (Fig. 7A). Within these larger groups, cells
ore than two cell diameters from the outer edge of the
ransplants were the only ones typically found to maintain
xpression, suggesting that there is a limited distance over
FIG. 5. Colocalization of hoxb3 expression and lineage tracer in
colabeled for hoxb3 mRNA by in situ hybridization (blue). (B, D)
racer. (E) Dorsal view of a cluster of neural crest cells transposed fr
rch (pa1) that were all hoxb3 negative, as determined by the initial
rom the r2/3 level to the r5/6 level and migrating in the third ph
arrow). Rhombomeres are numbered.hich the regulatory signal can travel. Likewise, posterior
Copyright © 2001 by Academic Press. All rightransposition of large groups of cells from r2 to r6 often
esulted in maintenance of hoxa2 expression in a subset of
ells in the migrating neural crest of the branchial arches
Fig. 7B).
Progressive Loss of Plasticity in hox Expression
To determine the time course of hox regulation in trans-
planted cells, we fixed embryos at different time points
after transplantation and assayed hoxa2 or hoxb3 mRNA
(Fig. 8). We found that 95% of cells fixed within 1 h after
transplantation (12.5 h) continued to express hoxa2 or
hoxb3 according to their original positions in donor em-
bryos. These experiments confirmed that we had taken
cells from appropriate regions of the fate map (see Fig. 1). In
contrast, in embryos fixed 12 h after transplantation, cells
planted neural crest cells. (A, C) Dorsal views of embryos at 20 h
esponding locations of cells labeled with the biotinylated lineage
he r5/6 level to the r2/3 level and migrating in the first pharyngeal
u hybridization. (F) Left side view of neural crest cells transplanted
geal arch (pa3), one of which has become strongly hoxb3 positivetrans
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209Plasticity in hox Expression in Zebrafishhoxb3 in 84% of cases. A similar percentage of cells
transplanted posteriorly had also downregulated hoxa2 by
this stage.
Because we found that cells in the early neuroepithelium
can assess their environments and regulate hox expression,
we asked if commitment and segment identity develop as
cells grow older. Neural plate and neural crest plasticity
may be lost with developmental age. Therefore, to deter-
mine the time course over which cells remain competent to
regulate hoxb3 expression we transplanted cells at progres-
sively older stages between initiation of expression and
formation of morphological segments (Fig. 8). We performed
transplants at 5 (11.5 h), 10 (14 h), and 15 somites (16.5 h)
and fixed them either within 1 h after transplantation or
12 h later for in situ hybridization for hoxb3. Here we found
that many fewer cells were able to respond to the new
environment, in contrast to our results with early cells that
remain plastic. At the 10-somite stage, the percentage was
still as high as 78%, but by 15 somites 60% of transplanted
cells retained their original pattern of hoxb3 expression
when transplanted anteriorly. These results suggest that
hindbrain and neural crest cells become restricted in their
FIG. 6. Transplanted cells from the hoxa2-negative r6/r7 level
elsewhere. Left side (A, C, D) or dorsal (B) views. Transplanted
expression was assayed by in situ hybridization. (A) Transplanted c
migrating neural crest express hoxa2. (B) Transplanted cells contrib
in the second arch. (C) Transplanted cells contributing to the secon
Cells transplanted from r4/r5 levels into the first pharyngeal archdevelopmental potentials with time. s
Copyright © 2001 by Academic Press. All rightTransplantation Alters Skeletal and Neural Cell
Fates along the AP Axis
Previous results in avian embryos have shown that het-
erotopic transplantation of neural crest cells, which would
normally form the first arch, into the second arch crest
primordium, leads to ectopic development of first arch
structures in the new location (Noden, 1983). To determine
if the changes in hox expression that we have seen after
ransplantation in zebrafish result in permanent changes in
egment-specific cell fates, we allowed transplants to sur-
ive until 5 days and examined cell morphologies labeled
ith lineage tracer dye (Fig. 9). Segmental identities of
eural crest derivatives could be unambiguously deter-
ined by the projection patterns of neurons in cranial
anglia, as well as by the shapes of cartilages in the skeleton
Schilling and Kimmel, 1997). Segmental identities within
he hindbrain were less clear. Surprisingly, we found that
ransplants in the hindbrain underwent very little AP
ixing with neighboring cells and formed narrow DV
olumns of cells within rhombomeres (Figs. 9A and 9C).
hese results are consistent with our lineage tracing re-
gulate expression of hoxa2 when placed at r4/r5 levels, but not
were detected for biotinylated lineage tracer (brown) after gene
ontributing to the second pharyngeal arch (pa2) stream of hoxa21
to the first (pa1) and second (pa2) arch streams express hoxa2 only
d more posterior arches express hoxa2 in the second (pa2) arch. (D)
are hoxa2-negative.upre
cells
ells c
uting
d anults, which show very limited cell rearrangements along
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210 Schilling, Prince, and Inghamthe AP axis (data not shown). This was not due to positional
differences between donor and host cells, since similar
columns were also observed in homotopic control trans-
plants, and rather reflects the relatively limited movements
of zebrafish rhombomere precursor cells. Cells within these
columns appeared healthy and grew commissural axons
FIG. 7. Maintenance of hox expression depends on transplant siz
B) and biotinylated lineage tracer detected with peroxidase (brown)
ocations of transplants; right shows corresponding locations of tra
ells. (E–H) Neural crest cells. Rhombomeres are numbered (r1–6)appropriate for their new positions (Fig. 9E). q
Copyright © 2001 by Academic Press. All rightWe also identified several unambiguous neural crest trans-
lants in which branchial neural crest cells (arches 3–7)
ontributed to hyoid (arch 2) or mandibular (arch 1) cartilages
Figs. 9B, 9D, and 9F). In some cases these were ventral
artilages, such as the ceratohyal (Fig. 9D). In other examples,
ransplanted cells contributed to dorsal cartilages, the palato-
B) Dorsal views of 20-h embryos labeled with hoxb3 (A) or hoxa2
) Left shows dorsal views of hoxb3 expression and arrows indicate
nted cells visualized by fluorescein fluorescence. (A–D) Hindbraine. (A,
. (C–H
nsplauadrate and hyosymplectic, the homologues of which do not
s of reproduction in any form reserved.
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211Plasticity in hox Expression in Zebrafishdevelop in the gill arches at this stage (Figs. 9B and 9D), or to
neurons of the trigeminal ganglion (Fig. 9A). Conversely, in
several cases hyoid or mandibular neural crest contributed to
gill cartilages (data not shown). Thus a switch in the segment-
specific morphology of transplanted cells correlated with the
changes we observe in hox expression, suggesting that these
represent stable changes in segmental cell fate.
DISCUSSION
We analyzed plasticity of CNS and neural crest progeni-
tors in the zebrafish embryo by transplanting cells to
different AP positions. Contrary to previous evidence that
TABLE 2
hoxb3 Expression in Transplants of Different Sizes
Transplant Donor Host No. of cells hoxb31 (%)a
Hindbrain r5/6 r2/3 1 3/30 (10%)
2–5 4/15 (27%)
6–10 4/14 (29%)
.10 9/17 (53%)
Neural crest
primordium
r5/6 r2/3 1 6/35 (17%)
2–5 3/12 (25%)
6–10 3/9 (33%)
.10 9/18 (50%)
a Transplants were counted as hoxb3 positive if mRNA was
detected in one or more lineage tracer dye-labeled cells.
FIG. 8. Percentages of cells retaining expression of the hox gene s
ells were assayed immediately after transplantation (left four col
oxb3 expression at three successive stages: 5 somite (black colum
xpression was assayed only in transplants performed at 5 somite (whi
Copyright © 2001 by Academic Press. All rightells are stably determined by their hox expression status,
ingle cells or small groups transplanted heterotopically
long the hindbrain or neural crest primordium change
heir patterns of hoxa2 and hoxb3 expression, while cells
oved homotopically do not. Thus these cells retain the
otential to respond to the environment as cranial segmen-
ation is established. By varying the size and stage of
ransplants we show that commitment develops gradually
nd depends on cell community effects. Furthermore, our
nalyses at later stages show that transplanted cells can
lter their neuronal and skeletal fates in the pharyngeal
rches. These results support a model in which intercellular
ignals specify the AP identities of cells in the rhom-
omeres and cranial neural crest and provide an assay for
ocating the source of such signals.
AP Position Regulates hox Expression during
Segmentation
Our in situ analysis of hox mRNA expression during
rhombomere formation indicates that the dynamic changes
in hox expression within the neural tube reflect plasticity
n the hox expression status of individual cells. Boundaries
of hoxa2 and hoxb3 expression progressively sharpen be-
tween 12 and 18 h and weaker expression spreads to
additional segments. It is likely that these changes reflect
cells initiating de novo synthesis or downregulation of hox
transcription rather than the alternative, that cells move in
or out of existing early hox expression domains. In support
of this model, AP movements of cells at these stages within
the neural tube are extremely restricted (Kimmel et al.,
fic for their position in the donor embryo prior to transplantation.
s) or 12 h later (right columns). Transplants were also assayed for
0 somite (gray columns), and 15 somite (stippled columns). hoxa2peci
umn
ns), 1te columns). Values indicate means 6 SE.
s of reproduction in any form reserved.
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212 Schilling, Prince, and Ingham1994; data not shown). In addition, by 17 h and later,
expression of both genes becomes more DV restricted
within the hindbrain, suggesting distinct DV-restricted
functions in specification of neuronal subtypes within the
CNS (Davenne et al., 1999).
Our observation that hoxa2 and hoxb3 expression re-
ains plastic as late as 18 h indicates that signals in the
nvironment continue to determine AP identities during
ead segmentation. These results contrast with many graft-
FIG. 9. Cells transplanted along the AP axis regulate their se
transplants were stained for the biotinylated lineage tracer (brown
derivatives. (A) Dorsolateral view of cells transposed from r5/6 to r
neurons to the trigeminal ganglion of the first arch (V). (B) Lateral vi
contributed to the hyosymplectic cartilage (hs) of the second arch.
that contributed bilaterally to r2. (D, F) Ventrolateral views of cel
cartilages. (E) Dorsal view (anterior to the top) of commissural
Abbreviations: hs, hyosymplectic; ch, ceratohyal; V, trigeminal gang experiments in the avian embryo which have shown i
Copyright © 2001 by Academic Press. All righthat expression of Hoxb-1 (Guthrie et al., 1992; Kuratani
nd Eichele, 1993) and Hoxa-2 (Prince and Lumsden, 1994)
n the hindbrain remains stable following whole rhom-
omere transposition. Similar types of grafts, however, have
rovided seemingly contradictory evidence for plasticity in
he expression of different Hox-a, Hox-b, and Hox-d para-
ogues (Grapin-Botton et al., 1995; Hunt et al., 1997; Marin
nd Charnay, 2000). Recent grafting experiments in mice
ave demonstrated plasticity for several Hox genes, includ-
t-specific skeletal and neural fates. 72-h-old larvae containing
t (A, C, E) shows neural derivatives; right (B, D, F) shows skeletal
me neural crest cells contained in the same transplant contributed
f neural crest transplanted from the r5/6 level to the r3/4 level that
orsal view (anterior to the top) of cells transposed from r5/6 to r2
nsplanted from r5/6 (D) or r7 (F) that contributed to second arch
rneurons between r5 and r6, transposed posteriorly from r2/3.
n.gmen
). Lef
2. So
ew o
(C) D
ls tra
inteng Hoxa-2, in small groups of cells, implicating the cranial
s of reproduction in any form reserved.
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213Plasticity in hox Expression in Zebrafishmesoderm as a possible source of regulative influences that
maintain Hox expression (Trainor and Krumlauf, 2000).
ur results suggest that such environmental signals are
onserved. Further, they define the spatial and temporal
atures of such plasticity and suggest that differences in
revious studies may reflect the timing and size of their
rafts. Based on these results we would predict that hox
ene expression in individual cells at the edges of large
hombomere grafts in chick would show plasticity.
We found no evidence to support a “posterior domi-
ance” model in which cells transposed from more poste-
ior locations exhibit less plasticity than their anterior
ounterparts, reflecting a hierarchy in the control of Hox
xpression (Grapin-Botton, 1995). One explanation for this
ifference may be that larger grafts in chick carry along
osteriorizing factors that are not transferred with isolated
ingle cells or small groups and our findings of maintenance
f hox expression in larger transplants support such a
odel. We also did not find a difference in plasticity in the
indbrain versus the neural crest. While there is abundant
olecular evidence demonstrating that hox genes are regu-
ated independently in the neural tube and neural crest
Prince et al., 1994; Frasch et al., 1995), it has often been
ifficult to graft neural crest without adjacent hindbrain
issue. This raises the possibility that cotransplanted neural
ube cells, particularly grafts of whole rhombomeres or
ortions of rhombomeres, produce signals that influence
he AP specification of transplanted neural crest. Our
ransplants of single neural crest cells and those of Trainor
nd Krumlauf (2000) argue against such an influence and
uggest that these cells respond to signals from epithelia or
urrounding mesenchyme in their migratory environments.
he mesoderm within each pharyngeal arch is a possible
ource of the maintenance influence, but surrounding cra-
ial neural crest mesenchyme may also play a role.
AP Position Regulates Neural Fates in the
Hindbrain and Skeletal Fates of Neural Crest in
the Arches
We found that neural crest cells transplanted to different
rhombomeric levels form segment-specific neural and skel-
etal derivatives appropriate for their new positions. Thus,
plasticity in hox expression at earlier stages correlates with
a plasticity in cell fates along the AP axis. This is in
apparent contradiction to classic results of grafts of neural
crest precursors of the mandibular arch in the chick which
form a second mandible when forced to migrate into the
second arch (Noden, 1983), suggesting that premigratory
neural crest cells are preprogrammed prior to their emigra-
tion (Hunt et al., 1994). Conversely, precursors of other
rches appear unable to contribute to the mandible when
rafted into the first arch neural crest (Couly et al., 1998).
ur results, and those of Trainor and Krumlauf (2000), find
o evidence for such a prepattern in single or small groups
f cells. Rather these cells appear to be able to contribute
idely to skeletal elements at any AP level; strikingly,
Copyright © 2001 by Academic Press. All rightranchial (gill arch) neural crest cells contributed to dorsal
andibular and hyoid cartilages, even though the serial
omologues of these dorsal elements do not develop until
uch later in the gill arches of the zebrafish (Fig. 9). Thus
he switch in cell fate that we observe is at the level of the
tructure to which the cell contributes, and we have not
emonstrated a distinct switch in cell shape in the case of
ndividual cells. However, we do not know how we would
ecognize such a switch in a chondrocyte. We also found
xamples in which neural crest precursors from the level of
6 formed chondrocytes in Meckel’s cartilage of the first
rch, a fate never observed in grafting experiments in avians
data not shown). Though we do not show direct evidence
or plasticity in segment-specific hindbrain neurons, the
orrelation between the changes we have observed in hox
xpression and final cell fate is consistent with recent
vidence from misexpression experiments in the avian
indbrain using retroviruses to express Hoxa-2 or Hoxb-1
nterior to their normal domains, which results in the
evelopment of motor neurons characteristic of more pos-
erior segments (Jungbluth et al., 1999; Bell et al., 1999).
Signals That Regulate hox Expression
Surface ectoderm and endoderm, as well as paraxial
mesoderm, are possible sources of signals that influence
patterning along the AP axis of the CNS and neural crest
(Trainor and Krumlauf, 2000). Both rhombomere and
somite grafts have been shown to alter expression of Hox-b
genes within the neural tube (Itasaki et al., 1996). One
prime candidate for the signal mediating such interactions
is retinoic acid (RA), which is expressed in the mesoderm of
the early embryo at trunk levels, and misexpression of RA
alters expression of both Hox1 and Hox2 paralogues (Con-
lon and Rossant, 1992; Conlon, 1995). Likewise, depletion
of the RA precursor, vitamin A, in avian embryos (Gale et
al., 1999) or mutation of an enzyme that converts vitamin A
to RA, retinaldehyde dehydrogenase 2, leads to defects in
Hox expression in the posterior hindbrain (Neiderreither et
al., 2000). Intriguingly, rhombomere-specific injections of
RA as late as chick stage 10 can alter neural crest migration
and Hoxb-1 expression (Gale et al., 1996). Furthermore,
RA-response elements are present in the regulatory regions
of Hoxa-1 and Hoxb-1, suggesting that RA directly regu-
lates their transcription (Langston and Gudas, 1992; Studer
et al., 1994; Marshall et al., 1994). We can now use our
transplantation technique as a tool to identify the sources
of RA or other signals that modulate Hox expression by
placing cells in positions adjacent to different regions of
paraxial mesoderm.
Progressive Loss of Plasticity Correlates with
Segment Boundary Formation
Our results transplanting cells at different stages define a
period during segmentation when cells are capable of regu-
lating hox expression. These indicate that plasticity lasts
s of reproduction in any form reserved.
h
z
s
a
d
e
t
r
d
m
p
s
t
t
o
w
n
m
p
p
m
t
v
1
o
o
q
b
1
c
214 Schilling, Prince, and Inghamwell after initiation of hoxa2 or hoxb3 transcription (10–12
) and is lost only as rhombomere boundaries form (18 h) in
ebrafish. Loss of plasticity correlates with previously de-
cribed regulative abilities of the cranial neuroepithelium
t similar stages in chick (Sechrist et al., 1995). The
ecrease in a cell’s competence to regulate hoxa2 or hoxb3
xpression in zebrafish also coincides with stages in which
he expression patterns of these two genes sharpen within
hombomeres (Prince et al., 1998; see Fig. 2). During normal
evelopment, the anterior borders of hox expression do-
ains sharpen immediately before the appearance of mor-
hological boundaries. We suggest that the clarification of
egmental boundaries reflects an ongoing regulation of hox
ranscription in individual cells that lie anterior or posterior
o the future boundary rather than a sorting of cells based
n their hox expression status. Clarification of this model
ill require following gene expression in individual cells
ear the boundary during normal rhombomere formation.
It is also possible, however, that because of limited AP
ovements, cells seldom need to modulate their hox ex-
ression. Cells within a rhombomere (Fraser et al., 1990) or
haryngeal arch (Lumsden et al., 1991; Schilling and Kim-
el, 1994) remain strictly separated at early stages, possibly
hrough repulsive interactions at their interfaces that in-
olve the activities of ephrins and their receptors (Xu et al.,
995; reviewed in Wilkinson, 2000). Changes in expression
f two Eph family receptor lyrosine kinases in the hindbrain
f hoxa-22/2 embryos indicate that altering hox expression
can lead to changes in these cell surface properties (Taneja
et al., 1996). Our results, however, would suggest that such
a segmental compartmentalization could occur later, after
an initial period of plasticity.
A Community Effect in AP Patterning
It is intriguing that hox regulation occurred less fre-
uently in coherent groups of transplanted cells in ze-
rafish, suggesting that such groups maintain hox expres-
sion through mutual inductive interactions. Cells in the
centers of transplants larger than 10 cells often maintained
their original patterns of hoxb3 expression, while cells near
the perimeters of such transplants did not. Our initial
results suggest that signals within the neural tube that
maintain patterns of hox expression can act up to at least 3
cell diameters (during somitogenesis, zebrafish rhom-
bomeres are no more than 8–12 cell diameters in length).
When plasticity has been reported in rhombomere grafts in
the chick, the observed changes occurred across whole
segments, suggesting that the maintenance signals can
occur over long distances, but subtle differences between
the responses of individual cells within such grafts have not
been reported. Thus the maintenance of cell state reported
with respect to Hoxb-1 (Guthrie et al., 1992; Kuratani and
Eichele, 1993) and Hoxa-2 (Prince and Lumsden, 1994) in
rhombomere grafting experiments in the avian embryo
could reflect group-mediated community effects (Gurdon,
Copyright © 2001 by Academic Press. All right988). By varying the size of transplants in the zebrafish we
an begin to define this signaling range.
hox Genes and Ectodermal Prepatterning
Finally, the correlation between plasticity in early hox
expression after cell transplantation and plasticity in later
cell fates points out a key distinction to be made in the roles
for these genes. While hox genes clearly control AP identi-
ties of cells, they do not necessarily maintain their own
expression or irreversibly commit cells to those identities.
Such plasticity and the responsiveness of cells to environ-
mental influences appears to differ among animals. The
plasticity observed in vertebrate hox expression more
closely resembles the situation in Drosophila, in which
homologues of these genes are expressed in stripes, after
which cross-regulatory interactions among homeotic genes
help maintain their boundaries of expression. Numerous
trans-activating factors, such as Polycomb and trithorax,
that regulate the expression of homeotic genes have been
identified (McKeon and Brock, 1991; Ingham, 1985). In
contrast, in Caenorhabditis elegans the pattern of hox
expression becomes stabilized very early in some cell lin-
eages and these cells then appear to be committed to a
particular fate even when displaced along the AP axis in
developmental mutants (Cowing and Kenyon, 1996). Our
study represents the first attempt to look at hox expression
in individual cell lineages in vertebrates in an analogous
manner; our findings suggest that in contrast to the situa-
tion in worms, position-dependent regulation of expression
continues into later stages. Studies in Drosophila have
highlighted the importance of fine-tuned intrasegmental
modulation in the expression patterns of homeotic genes
(Castelli-Gair and Akam, 1995). Thus, perhaps in a similar
fashion, regional identity may be established independently
in different cell groups within a rhombomere or pharyngeal
segment. Our results suggest that regulation of hox genes
occurs through a complex series of cell–cell interactions in
the developing head segments of vertebrates and set the
stage for a molecular analysis of these interactions in this
genetically tractable system in the future.
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